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Hemodynamic and single nephron function during the mainte-
nance phase of ischemic acute renal failure in the dog. We studied
ischemic acute renal failure in 28 dogs by micropuncture, micro-
sphere, morphologic, and whole kidney hemodynamic tech-
niques, 18 to 24 hours after the renal artery was clamped
(clamping time, 60 to 90 mm). Before the artery was clamped,
renal blood flow (RBF) averaged 3.49 (sEM) 0.23 mI/mm - g
and was not significantly different (3.70 0.34 mI/mm g) 18
hours after the ischemic episode. RBF autoregulatory capability
was, however, significantly reduced. Fractional outer cortical
blood flow decreased slightly from 41 2 to 36 3% (P < 0.05)
postischemia. Single nephron glomerular filtration rate (SNGFR)
was highly variable from one animal to the next and ranged from
0 to 87 nI/mm (mean, 36 [SEMI 7 nI/mm) in a manner similar to
whole kidney inulin clearance, which ranged from 0 to 0.56 ml!
mm g (mean, 0.30 0.05 mI/mm . g). The correlation coeffi-
cient between SNGFR and inulin clearance was highly signifi-
cant, indicating an association between SNGFR and whole
kidney GFR. Proximal tubule pressure (PTP) averaged 20
(sEM) 1 mm Hg. In 6 dogs, the glomerular filtration coefficient
(Kr) was determined by measurements of stop-flow pressure,
cotloid osmotic pressure, SNGFR, PTP, and single nephron
filtration fraction. Kf was below that obtained for control ani-
mals. Scanning electron microscopy (SEM) studies indicated
that the endothelial fenestrations were reduced in number and
size. These studies suggest that one major characteristic of
ischemic nephropathy in the dog is a derangement in the filtra-
tion process. The maintenance of RBF in the postischemic phase
may occur by utilization of the autoregulatory reserve of the
renal vasculature.
Hémodynamique et fonction des néphrons individuels au cours
de Ia phase de maintien de l'insuffisánce rénale aiguë ischemique
chez le chien. L'insuffisance rna1e aigue ischdmique a été
étudiée chez 28 chiens par microponctions, microsphères, mor-
phologie et evaluation hdmodynamique globale du rein 18 a 24
heures après que l'artere rénale ait été clampée (temps de
clampage, 60 a 90 mm). Avant le clampage le debit sanguin renal
(RBF) était en moyenne de 3,49 (sEM) 0,23 mI/mm . getn'était
pas significativement different (3,70 0,34 mI/mm - g) 18 heures
apres l'épisode ischemique. La capacité d'autoregulation de
RBF était, cependant, significativement rCduite. Le debit san-
gum cortical externe avait un peu diminué, de 41 2 a 36 3%
(P < 0,05) aprés l'ischémie. Le debit de filtration glomerulaire
individuel (SNGFR) était très variable d'un animal a l'autre, de 0
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a 87 nI/mm (moyenne 36 7 nl/min) d'une manière semblable a
Ia clearance de I'inuline du rein entier (0 a 0,56 mI/mm g,
moyenne 0,30 0,05 mI/mm g). Le coefficient de correlation
entre SNGFR et la clearance de l'inuline est trés significatif, ce
qui indique une association entre SNGFR et le debit de filtration
du rein entier. La pression tubulaire proximale (PTP) était en
moyenne de 20 1 mm Hg. Chez 6 chiens le coefficient de
filtration glomerulaire K a été déterminé par la mesure de Ia
pression de stop-flow, de Ia pression colloIdo osmotique, de
SNGFR, de PTP et de Ia fraction de filtration des néphrons
individuels. K etait inférieur a celui des animaux contrôles. La
microscopie éfectronique a balayage (SEM) a indiqué que les
fenestrations endothéliales dtaient réduites en nombre et en
taille. Ces résultats suggérent que Ia caracteristique majeure des
nephropathies ischemiques du chien est une alteration du proces-
sus de filtration. Le maintien de RBF dans Ia phase post-
ischemique pourrait étre assure par l'utilisation de Ia reserve
d'autoregulation de Ia vascularisation rénale.
The pathophysiology of experimental acute renal
failure remains controversial [1]. Recent studies
have emphasized the diversity of pathophysiologic
alterations that may result from variations in the
method of inducing acute renal failure [2—51, the
experimental animal used [61, and the means used
to assess hemodynamic alterations [7]. Most inves-
tigators agree that a reduction in the actual or
apparent rate of glomerular filtration is a primary
characteristic [1, 8—121. Tubular obstruction [2, 5]
and passive backleak of filtrate across a damaged
tubular epithelium [2, 4, 10, 12—141 have been
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implicated in some studies but not in others [8, 11,
15—18]. Significant functional impairment may oc-
cur in the presence of a sustained or even increased
renal blood flow (RBF) [8, 19—20] or can be associ-
ated with a marked increase in vascular resistance
[21, 221. Thus, it has become apparent that the
previously held concept that almost all forms of
acute renal failure are invariably associated with
prolonged and intense vasoconstriction is no longer
tenable and that each type of acute renal failure
model needs to be evaluated selectively to deter-
mine its specific pathophysiologic characteristics.
One such model that is of considerable practical
as well as theoretical interest is ischemic acute renal
failure, particularly when viewed in the context of
the increasing prevalency of renal transplantation,
which is associated with variable periods of total
ischemia. Accordingly, we initiated a study to ex-
amine certain characteristics of postischemic acute
renal failure, particularly those related to abnormal-
ities in hemodynamic and glomerular function.
Most studies were done approximately 18 hours
after ischemia, a time when RBF and glomerular
filtration rate (GFR) were relatively stable as com-
pared with the immediate period after ischemia.
These experiments were performed in mongrel dogs
in which whole kidney hemodynamics, regional
distribution of RBF, and autoregulatory ability can
be readily assessed. Micropuncture studies were
done to relate changes in whole kidney function to
single nephron function and to evaluate the single
nephron glomerular filtration coefficient (Kf) [23].
Structural alterations were examined with scan iing
electron microscopy techniques.
Methods
Studies were carried out on 28 dogs of both sexes
(body wt, 18.9 3.4 kg). Unilateral acute renal
failure was induced by mechanical clamping of the
renal artery for 60 to 90 mm. In three pilot experi-
ments, micropuncture studies were done before and
immediately after induction of acute renal failure.
Because of the continuously changing renal func-
tion observed in the initial hours following release
of the clamp, the remaining 22 animals were studied
at approximately 18 hours on the following day. Of
these 22 animals, the occlusion time was 60 mm in 8
animals, 75 mm in 5 animals, and 90 mm in 9
animals. This variation in occlusion time was used
to obtain the spectrum of reduced renal function
desired for this study. Anesthesia was induced with
pentobarbitol (30 mg/kg) and additional anesthetic
was given as needed through a 20-gauge needle
inserted into a foreleg vein on the day of the renal
arterial clamping as well as on the day of the
experiment.
For the initial operation, the left flank was shaved
and prepared with antiseptic solution. A small flank
incision was made and the renal artery exposed by a
retroperitoneal approach. The artery was dissected
free, and as many renal nerves as possible were
sectioned. An electromagnetic flow transducer
(Carolina Medical Electronics, Inc., King, North
Carolina) was placed around the renal artery for the
measurement of RBF. In 8 animals, microspheres
(3-M Co., St. Paul, Minnesota) labeled with either
strontium 85 (diameter, 13.6 0.9 pm; specific
activity, 12.5 jiCi/g) or cerium 141 (diameter, 13.9
0.8 urn; specific gravity, 7.8 Ci/g) dispersed in
10% dextran were injected retrogradely into the
renal artery with a 30-gauge needle. The amount of
microspheres injected was 25 to 50 pCi diluted in
1.0 ml of saline. In five nonrelated experiments, one
isotope was injected into the renal artery and a
second isotope into the left ventricle, either before
or immediately after the arterial injection, to con-
firm that the renal arterial injection did not alter the
microsphere distribution. RBF was monitored dur-
ing and immediately after the injection, and no
changes in RBF were noted. Heparin (1000 U) was
given systemically to provide anticoagulant con-
ditions during clamping. The renal artery was then
clamped to provide a warm ischemic time of 60, 75,
or 90 mm. RBF was followed for 30 to 60 mm after
the release of the clamp. The flow probe was
removed, and the wound was irrigated with dilute
tetracycline solution and closed. The animals were
allowed to recover overnight in a thermostatically
controlled recovery cage with free access to water.
Only animals appearing healthy on the following
day were used for study.
On the following day, anesthesia was induced as
before, the flank incision was reopened and en-
larged, and the electromagnetic blood flow trans-
ducer was placed around the renal artery as before.
A second intraarterial injection of microspheres
was made, using a different isotope. In half the
studies, strontium 85 was used as the control iso-
tope, and in the remainder, cerium 141 was used as
the control isotope. The animal was prepared for
micropuncture by a method described previously
[24]. The kidney was freed from the underlying
fascia, and the renal artery, vein, and ureter were
dissected free. RBF was measured continuously
with the electromagnetic flowmeter. In 7 dogs with
a renal artery of sufficient length, a curved 22-gauge
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needle connected by polyethylene tubing to a pres-
sure transducer was inserted into the renal artery
near the hilus of the kidney. Clotting of the needle
was avoided by a continuous infusion of a heparin-
ized isotonic saline solution (Harvard Apparatus
Co., Inc., Dover, Massachusetts) at a rate of 0.2 ml!
mm. An adjustable clamp was placed between the
flow transducer and the renal arterial pressure
needle. The kidney was placed on a plastic holder,
and an area of about 2 cm2 of capsule was removed.
The remainder of the kidney was wrapped with
cotton gauze soaked in a warm saline solution. The
exposed surface was bathed with a warmed (370 C)
heparinized isotonic solution through a quartz rod
that was also used to illuminate the micropuncture
field. The ovarian or testicular vein was cannulated
with PE-20 tubing, which was then advanced into
the renal vein for determination of the inulin extrac-
tion ratio. Femoral arterial pressure was measured
by a catheter inserted into the aorta from the
femoral artery and connected to a Statham pressure
transducer (Statham Instruments, Hato Rey, Puerto
Rico).
Following a priming dose, a constant infusion of
5% inulin in saline was given to maintain the plasma
inulin concentration at 0.8 to 1.0 mg/ml. Renal
arterial pressure, femoral blood pressure, and RBF
were recorded continuously on a polygraph record-
er (model 7D, Grass Mfg. Co., Quincy, Massachu-
setts). Three or four 30-mm inulin clearance deter-
minations were taken in each animal. Femoral
arterial (A) and renal venous (V) blood samples
were drawn at the midpoint of each collection
period to determine the inulin extraction ratio. In 4
animals with urine flow too low to calculate inulin
clearance, the GFR was calculated from the arterio-
venous extraction ratio according to the following
formula:
GFR = RBF (1 — Hct)—
A
where A is arterial inulin concentration and V is
venous inulin concentration.
Micropuncture studies. Superficial cortical single
nephron glomerular filtration rate (SNGFR) was
assessed by the total collection technique. A shar-
pened pipette (tip, 8 to 10 ) filled with Sudan-
black-stained castor oil was inserted into a proximal
tubule, and an oil block at least 5 tubular diameters
in length was inserted. Gentle aspiration was ap-
plied to initiate the collection and to maintain the oil
block in a constant position. Timing was started at
the initiation of collection and continued for 2 mm.
SNGFR was determined from the volume flow rate
and tubular fluid to plasma inulin ratio. Only total
proximal tubule fluid collections were used to esti-
mate SNGFR. This technique causes interruption
of distal volume delivery and may lead to an overes-
timation of true SNGFR in the normal dog [24, 251;
but the compromised superficial nephron function
in the postischemic phase made distal tubular fluid
collections difficult, and the indicator-dilution tech-
nique 1124] could not be used because of an in-
creased friability of the tubules and the occurrence
of leaks. In 4 of the dogs with the greatest degree of
impairment in inulin clearance (0.11 0.09 ml!
mm g), tubular flow was markedly reduced, and
proximal tubule fluid collections were not possible.
The pressures in 4 to 8 proximal tubules and 3 to 4
peritubular capillaries were measured with a mi-
cropressure servonull system (Instruments for
Physiology and Medicine, San Diego, California).
The glomerular filtration coefficient (Kf) was de-
termined in 6 dogs. Glomerular pressure was esti-
mated from the sum of stop-flow pressure (SFP)
and colloid osmotic pressure (COP). Filtration frac-
tion (FF) was determined from the efferent arterio-
lar hematocrit (Hcte) and femoral arteriolar hemato-
crit (HCta) by a method previously described [231.
— (Hct.!Hcte)FF =
I — Hct
Kf was determined from the previously derived
equation relating SNGFR, FF, PTP, and glomerular
capillary pressure (Gc) to Kf [23]. The approach of
reducing arterial pressure to the lower limits of
autoregulatory range was not used because initial
studies demonstrated that autoregulatory capability
was severely impaired in these animals. Glomerular
plasma flow (GPF), glomerular blood flow (GBF),
and afferent and efferent arteriolar resistances (Ra
and Re) also were calculated by methods previously
described [23].
Due to the possible heterogeneity of nephron
function in the postischemic kidneys, the multiple
determinations of each measurement used to calcu-
late Kf were taken from different areas of the
micropuncture surface. But the possibility exists
that nephrons having the greatest degree of damage
might still be underrepresented by this approach.
To determine if a tubuloglomerular feedback re-
sponse was playing any role in the suppression of
GFR in these studies [26], we determined SNGFR
in 28 tubules of 8 dogs before and after perfusion of
the ioop of Henle at 30 nl/min with a saline solution
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containing 3 x l0 ivi furosemide, an agent known
to block the feedback mechanism [27—291. A ran-
dom surface convolution was punctured, and the
entire surface of the proximal tubule was outlined
by a bolus injection of isotonic saline tinted with
Fast Green. SNGFR was determined from an early
proximal tubule by the total collection technique.
The distal nephron was then perfused from the last
accessible portion of the proximal tubule. Perfusion
was for 5 to 12 mm (7 1 mm) with a saline
solution containing furosemide. A second total col-
lection was obtained during or immediately follow-
ing the distal perfusion, and changes were assessed
with Student's t test for paired data. Tinted perfu-
sion solution was rarely observed in a distal neph-
ron, probably due to the paucity of surface distal
nephrons in the dog kidney.
RBF autoregulatory studies. At the conclusion of
the micropuncture studies, the arterial pressure was
reduced in a stepwise manner in 7 animals with
sufficiently long renal arteries to allow placement of
the flow probe, adjustable clamp, and pressure
needle. Renal arterial pressure and RBF were re-
corded continuously as renal arterial pressure was
decreased in response to constriction of the adjust-
able clamp. In three experiments, carotid occlusion
was used to increase renal arterial pressure to 125
mm Hg or greater.
To quantitate the degree of autoregulatory effi-
ciency we calculated the Semple-De Wardener au-
toregulatory index [31] for each of the 7 experi-
ments, by the formula
F1 — F2 P1 — P2
F1 P1
where F1 and P1 are the RBF and renal arterial
pressure at the control arterial pressures and F2 and
P2 are the corresponding values at reduced arterial
pressures. The index value is inversely related to
autoregulatory efficiency. A value of I indicates a
proportional relationship between arterial pressure
and RBF, and values near zero indicate high effi-
ciency autoregulation.
The electromagnetic flow probe was calibrated in
vivo at the conclusion of the experiment by collect-
ing two to three timed blood samples from the renal
artery into a graduated cylinder.
Microsphere studies. For the determination of
microsphere distribution, the kidneys were weighed
and divided into I-cm sections. These sections were
placed in 10% formalin buffered with phosphate to
make the tissue more firm and allow for more
precise cutting. In those kidneys injected with mi-
crospheres, four blocks of tissue approximately 10
x 5 mm and extending from outer cortex to medulla
were cut, blotted on filter paper to remove excess
formalin, and sectioned on a paraffin block into four
equal parts from outer cortex to medulla and la-
beled zones 1 to 4. Each piece of tissue was
weighed and placed in a counting vial. The activities
of strontium 85 and cerium 141 were determined
from gamma counting, and appropriate corrections
were made for background and crossover activity
(Packard Model 3002, Downers Grove, Illinois).
From the activity in each zone and the total activity
of each block of tissue (both expressed in counts
per minute per gram of tissue), the percent distribu-
tion of activity for each isotope was calculated [7].
The average percent blood flow prior to and follow-
ing the ischemia in zones 1 to 4 was determined
from the four blocks of tissue. Differences in blood
flow distribution were assessed by paired analysis,
with each animal serving as its own control.
Morphologic studies. Following the function
studies, the renal arteries from both the control and
experimental kidneys were catheterized and initial-
ly perfused with isotonic saline. Subsequently, the
kidneys were perfused with 1% glutaraldehyde in
phosphate buffer (pH, 7.4), removed, quartered,
and placed in the original fixative for an additional
72 hours. The quarters were then assigned num-
bers, and further preparation was done without
knowledge of the group to which the specimens
belonged. Small blocks of tissue were routinely
prepared for transmission electron microscopy
(TEM) and viewed on an electron microscope (Phil-
ips EM-400). Larger pieces of tissue were washed in
buffer for 1.5 hours, dehydrated through ethanol,
fractured in liquid nitrogen, transferred to a critical
point dryer (Sandri), and dried with liquid carbon
dioxide. The tissue was attached to an aluminum
stub and placed in a sputter coater (Hammer IV)
and coated with gold palladium. Specimens were
examined and photographed with a scanning elec-
tron microscope (Philips 501) operating at an accel-
erating voltage of 12 kV. Glomeruli from three
control and three experimental kidneys were stud-
ied. Capillary loops from 20 glomeruli of each
kidney were photographed at a fixed magnification
of x 30,000 by a method previously described [32].
Five capillary loops were photographed from each
glomeruli. Thus, 100 loops were studied from each
kidney.
Analytical procedures. Plasma and urine inulin
determinations were made with the anthrone colon-
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metric method. GFR was estimated from standard
inulin clearance techniques in all dogs that had
adequate urine flow. Urine flow was very low or
absent in 4 dogs, necessitating the use of arteriove-
nous extraction ratios in conjunction with RBF data
as measured by the electromagnetic fiowmeter. In
this paper, GFR and inulin clearance (C1) are used
synonymously, although it is recognized that not all
investigators agree on the validity of this approach
in acute renal failure [2, 4, 10, 12—14]. Plasma and
urine sodium and potassium measurements were
made with a flame photometer (Instrumentation
Lab., Lexington, Massachusetts), and osmolality
was determined by the vapor pressure method
(Wescor, Inc., Logan, Utah). Tubular fluid volume
determinations were made with a constant bore
capillary tube and slide comparator (Gaertner Sci-
entific Corp., Chicago, Illinois). Inulin concentra-
tion was determined in duplicate by a microfluro-
metric method (Aminco Inc., Silver Spring,
Maryland).
All results are presented as the means SEM
except where specifically designated otherwise.
Statistical significance was assessed by Student's t
test for paired and unpaired data, and a P value less
than 0.05 was considered statistically different. Lin-
ear regression analysis was used where designated.
Results
Whole kidney functional characteristics. Sixty to
ninety minutes of warm ischemic time produced a
broad spectrum of acute renal failure. Inulin clear-
ance varied from near zero to near normal, and both
anuria and polyuria were observed. Table 1 pre-
sents results of inulin clearance assumed to esti-
mate GFR, blood pressure (BP), RBF, urine sodium
concentration, urine potassium concentration, U/P
inulin ratio, and urine osmolality. The normal val-
ues in column 3 of Table 1 are derived from 39
hydropenic animals previously studied [23, 24]. The
hemodynamic data from the 22 animals studied at
18 hours after clamping are divided into two groups
based on the urine to plasma inulin ratio and the
GFR, such that one group of animals had severe
renal failure and the remainder had only moderate
reductions in GFR with relatively normal urine to
plasma inulin ratios. This fortuitous variation in
degree of renal failure allowed us to evaluate sever-
al of the measurements in relation to the severity of
the whole kidney response.
Within the renal failure group, RBF during the
control period was compared with RBF immediate-
ly following release of the renal arterial clamp and
during the experiment on the following day. This
comparison is shown in Fig. 1. RBF was actually
Table 1. Clearance and hemodynamic studies in dogs with ischemic acute renal failurea
Moderate Severe Control
Number 10 12 39
Occlusion time
60mm 4 4
75mm 2 3
90mm 4 5
BP,mmHg 120 4 111 5 118 2
GFR, m1Iming 0.49 0.03
(P < 0.001)
0.14 0.04
(P < 0.001)
0.74 0.02
FF 0.17 0.01
(P < 0.001)
0.07 0.01
(P < 0.001)
0.36 0.01
RBF, m1Iming 4.26 0.51
(P < 0.001)
3.16 0.34
(P < 0.01)
3.72 0.02
UNa, mEqiliter 98 11
(NS)
89 14
(NS)
106 9
UK, mEq/liter 171 11
(P < 0.001)
63 9
(P < 0.005)
111 8
U/P inuljn 197 16
(NS)
49 7
(P < 0.005)
134 12
Uo 1052 66
(NS)
520 81
(P < 0.005)
902 56
V, mI/mm 0.18 0.08
(NS)
0.16 0.08
(NS)
0.32 0.04
a Values are the means SEM. Abbreviations used are: BP, blood pressure; FF, filtration fraction; RBF, renal blood flow; UNa,
urinary sodium concentration; UK, urinary potassium concentration; U/P inulin, urine to plasma inulin ratio; Uosm, urinary osmolality;
V, urine flow rate.
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increased immediately following release of the
clamp, and it remained high. At 5 mm following
release, it was 164% of control. It was similarly high
for a 30-mm observation period prior to the closure
of the peritoneal wound. RBF returned to values
similar to preclamp RBF in both the group with
severe acute renal failure and in the group with less
severe acute renal failure when measured on the
following day. This pattern of recovery from total
ischemia was similar to that observed by others
using a similar protocol 33].
RBF autoregulatory studies. Relationships be-
tween arterial pressure and blood flow were deter-
mined in 7 dogs to evaluate autoregulatory ability.
The average pressure-flow relationship obtained
from 7 postischemic kidneys is shown in Fig. 2.
RBF decreased markedly with reduction in renal
arterial pressures, especially with decreases below
100 mm Hg, indicating an attenuated degree of
autoregulatory reserve. For comparison, the rela-
tionship between renal arterial pressure and RBF
for normal kidneys prepared in a similar manner is
shown [311. The autoregulatory index was found to
be 0.62 0.13 when evaluated between an average
control renal arterial pressure of 126 11 mm Hg
and a reduced renal arterial pressure of 80 6 mm
Hg. For comparison, normal kidneys prepared for
micropuncture [341 have high-efficiency autoregula-
tion with an autoregulatory index of 0.16 over an
arterial pressure range of 140 to 82 mm Hg. In the
acute renal failure group, the inulin clearance was
0.25 ml/min g, but showed substantial variability.
To determine if the degree of impairment of GFR
was associated with the degree of residual autoregu-
latory capability, we plotted the autoregulatory
index as a function of the inulin clearance, as shown
in Fig. 2b. The degree of impairment appeared to be
associated with the level of GFR such that the dogs
that had near absent autoregulatory capability had
the most profound decrease in GFR. Linear regres-
sion revealed a highly significant relationship. The
regression equation was
autoregulatory index = 1.05 — 1.71 (GFR).
Microsphere distribution. Blood flow distribution
in the ischemically damaged kidneys is represented
in Fig. 3. Each kidney served as its own control in
Fig. 2. A Renal arterial pressure-renal blood flow
(RBF) relationship. For the average curve shown,
in the animals with acute renal failure all values
were subdivided into four groups according to the
renal arterial pressure (above 120 mm Hg, 100 to
119 mm Hg, 80 to 99 mm Hg, and below 80 mm
Hg). The average values SD are shown for 7
dogs. The autoregulatory curve from a separate
group of normal animals [36] is shown for compari-
son purposes. B Autoregulatory index as a function
ofglomerularfiltration rate (GFR). Autoregulatory
efficiency was lowest in those kidneys with the
greatest impairment of GFR. The technique for
calculation of the autoregulatory index is explained
in the text.
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Fig. 1. Renal blood flow changes following 60 to 90 mm of renal
arterial occlusion. Control RBF was assessed with an electro-
magnetic flowmeter following isolation of the renal artery. The
renal artery was clamped for 60 mm in 8 animals, 75 mm in 5
animals, and 90 mm in 9 animals. RBF was assessed continuous-
ly for at least 30 mm following release of the clamp. At the 5-mm
mark following release of the clamp, RBF averaged 164% of the
control value (P > 0.05).
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these experiments allowing paired analysis of the
data. Microspheres were injected in 8 of the ische-
mically damaged kidneys (Fig. 3). The percent
distribution blood flow to the outer cortex (zone 1)
decreased significantly from 41 2 to 36 3 (P <
0.05), but the percent blood flow distributed to the
inner cortex (zone 3) was increased from 17.5 to
22.6 (P < 0.05). Blood flow distribution to zones 2
and 4 was unchanged. In these 8 animals, total RBF
was not significantly changed from the control
value (166 15 vs. 177 24 ml/min; P > 0.05)
suggesting that the alteration in the intrarenal blood
flow pattern represents an actual redistribution pro-
Number of dogs 9 12 39
SNGFRID, ni/mm — 57 4b
SNGFRTC, ni/mm 56 9
(NS)
21 8
(P < 0.001)
75 3
FTP, mm Hg 20.9 0.5
(NS)
20.4 2.2
(NS)
22 0.5
PCP, mm Hg 12.6 0.6
(NS)
8.8 1.3
(NS)
12 0.5
cess with decreased perfusion to the outer cortex.
Micropuncture studies: A. SNGFR, tubular pres-
sure, peritubular capillary pressure. SNGFR,
proximal tubule pressure (PTP), and peritubular
capillary pressure (PCP) are shown in Table 2.
SNGFR based on proximal tubule fluid collections
averaged 75 3 nl/min in the control group. In
those animals with moderate impairment of inulin
clearance, SNGFR was 56 9 nl/min as contrasted
to 21 8 nl/min (P < 0.001) in the dogs with severe
acute renal failure. PTP averaged 22 0.5 mm Hg
in the control group. In those animals with severe
acute renal failure, PTP appeared slightly lower
(20.4 2.2 mm Hg), but this difference was not
statistically significant. PCP and PTP measure-
ments, however, were very difficult or impossible
to obtain in some of the animals, particularly those
with the most severe renal failure, and thus the
possibility exists that the data could be biased, in
that only those tubules or peritubular capillaries in
which the pressure was greater than the interstitial
fluid pressure could be punctured. Of interest, was
the finding that there was a significant relationship
between the SNGFR measurements and the whole
kidney inulin clearances. This relationship is shown
in Fig. 4. Linear regression analysis demonstrated a
high degree of correlation (r = 0.75) between
SNGFR and inulin clearance, suggesting that the
responses of outer cortical nephrons were relatively
representative of the total nephron population. In a
few instances, SNGFR was reduced to a much
greater extent than inulin clearance, suggesting a
preferential outer cortical ischemia in these
experiments.
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Fig. 3. Intrarenal blood flow distribution in the ischemic acute
rena/failure kidneys. The average values SEM are shown. A
moderate degree of fractional RBF redistribution from outer
cortex (zone 1) to juxtamedullary nephrons (zone 3) could be
demonstrated (P < 0.025).
0.7 0.8
Fig. 4. Single nephron giomerular filtration rate (SNGFR) as a
function of whole kidney mu/in clearance (C1). SNGFR was
reduced proportionately to whole kidney GFR with a high degree
of correlation as shown by linear regression analysis (r = 0.75).
Included in this plot are all animals.
Table 2. Single nephron function in ischemic acute renal failure
in the doga
Moderate Severe Control
a Values are the means SEM. Abbreviations used are:
SNGFRID, SNGFR measured by the indicator-dilution tech-
nique [221; SNGFRTC, SNGFR measured by the total collection
technique in other studies reported from our laboratory [24,—261;
PTP, proximal tubule pressure; PCP, peritubular capillary pres-
sure; NS, not statistically significant.
b SNGFRID was assessed in only 18 of the 39 animals in the
control studies.
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B. Ultrafiltration coefficient (Kf). The data used
to calculate Kf in the 6 dogs where all of the
necessary measurements were completed are
shown in Table 3. For comparison, control data
from a separate series of 11 normal dogs from this
laboratory are presented 11251. The blood pressure
was reduced in the control group to the lower limits
of the autoregulatory range to prevent activation of
the tubuloglomerular feedback responses by the
proximal oil block used to assess SNGFR 1125]. The
comparison is appropriate, however, because of the
poor autoregulatory capability in the experimental
group. SNGFR was about one-half that of the
control group (29.9 vs. 59.5 nI/mm), and afferent
arteriolar resistance (Ra) was substantially in-
creased (0.39 vs. 0.11 mm Hg/nI mm). Kf was
about half that of the control group (2.4 vs. 4.6 nh
min mm Hg), suggesting that at least part of the
reduction in GFR in this model of acute renal failure
is secondary to K changes.
SFP pressure was, on average, only slightly be-
low that observed in the normal hydropenic dog.
Note, however, that these measurements were tak-
en at control arterial pressures without partial renal
artery constriction; at these pressures, normal dogs
exhibit substantially greater SNGFR and SFP val-
ues 123].
C. Microperfusion studies. The effects of perfu-
sion of the loop of Henle with furosemide are
illustrated in Fig. 5. Twelve of the tubules were
collapsed before and after perfusion and are not
shown in the recollection plot. Perfusion with furo-
semide made no significant difference in SNGFR in
the 15 tubules in which collections could be made
before (35 4 nl/min) and after (35 4 nI/mm)
perfusion.
Histologic and electron microscopy studies. Cel-
lular necrosis of the proximal and, to a lesser
extent, distal tubules could be identified on light
microscopy in the experimental kidney. All other
segments of the kidneys appeared normal. Scanning
electron microscopy, however, revealed extensive
damage to the visceral epithelium and the glomeru-
lar endothehium of the ischemic kidneys. The vis-
ceral epithelium revealed mild to severe fusion of
the foot processes. The changes seen in the ische-
mic kidneys are exemplified in Fig. 6b and are not
observed in the control animals (Fig. 6a). The
alterations in the glomerular endothelium included a
reduction in the diameter and overall density of the
fenestrae. Figure 6c shows the endothelium of a
control glomerular capillary versus the ischemic
capillary in Fig. 6d. If one simply measures the
diameter of the fenestrae from control animals, they
are approximately 780 A. The obvious reduction in
the number of fenestrae is seen in Fig. 6d. As a
means of providing a semiquantitative assessment
of the alterations occurring, ten glomerular capil-
lary loops from each group were evaluated for
average endothelial fenestra (EF) diameter and
number per 5 cm2 of photomicrograph at x 30,000.
Control kidneys had an average EF diameter of 781
(SD) 47 A and EF density of 115 (SD) 8 per 5
cm2. In contrast the ischemic kidneys had an aver-
age EF diameter of 401 (SD) 21 A and EF density
of 49 (SD) 3 per 5 cm2. Thus, there were
Table 3. Assessment of glomerular dynamics in the dog following 75 mm of ischemiaa
Exp. no.
BP
mm Hg
PTP
,nm
Hg
PCP
mm
Hg
SFP
mm
Hg
OP
na mm SNGFR GBF
,n,n Jig Hg ni/mm FF ni/mm
Ra
niminmm Hg
R
nlminmm Hg
Kf
niminmm Hg
I 130 22 10 33 16 49 16 0.24 137 0.59 0.32 2.0
2 115 31.5 12 39 14 53 12 0.29 93 0.67 0.51 2.2
3 115 18 14 31 IS 46 23 0.05 721 0.10 0.05 1.6
4 115 IS 10 35.5 16 51.5 39 0.15 401 0.16 0.11 2.4
5 120 21 12 35 15 5! 48 0.16 Ill 0.62 0.62 3.8
6 135 25 12 45 20 65 41 0.19 391 0.18 0.15 2.5
Glomerular dynamics in control dogs (N= 11)'
Mean 121 23 12 36 16 53 30 0.18 309 0.39 0.29 2.4
±SEM ±4 ±2 ±1 ±2 ±1 ±3 ±6 ±0.03 ±100.04 ±0.11 ±0.09 ±0.30
Meanb 86.6 20.3 10.9 42.4 15.8 58.2 59.5 0.32 337 0.11 0.22 4.6
±SEM ±0.9 ±0.9 ±0.6 ±1.1 ±0.5 ±1.! ±0.4 ±0.02 ±44 ±0.12 ±0.05 ±0.5
Abbrevations used are: BP, blood pressure; PTP, proximal tubular pressure; PCP, peritubular capillary pressure; SFP, stop-flow
pressure; a, colloid osmotic pressure; GP, glomerular pressure (estimated); SNGFR, single nephron glomerular filtration rate; FF,
filtration fraction; GBF, glomerular blood flow; Ra, afferent arteriolar resistance; R, efferent arteriolar resistance; Kf, glomerular
ultrafiltration coefficient.
b Control data from a separate series of dogs from this laboratory at reduced renal arterial pressure.
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Postperfusiori SNGFR, ni/mm
Fig. 5. Recollection plot of SNGFR before and after perfusion of
the loop of Henle with furosemide (3 >< IO M). The loop of
Henle was perfused at 30 nl/min for 5 to 12 mm to determine if a
tubule glomerular feedback signal could be interrupted and
SNGFR increased in the acute renal failure animals. SNGFR
was unchanged following perfusion.
significant differences in both of these characteris-
tics. In addition, there was a much greater preva-
lence of irregular cytoplasmic protrusions in the
ischemic kidneys than in the control kidneys.
Discussion
The mechanism responsible for reduced GFR
during acute renal failure continues to be controver-
sial. lschemic and nephrotoxic experimental mod-
els have received the most attention in view of their
obvious similarity to clinical acute renal failure.
Most investigators have used the rat because of the
ease by which micropuncture can be done. Unfortu-
nately, whole kidney clearance studies, RBF auto-
regulatory capability, and RBF distribution have
been difficult to assess concurrently due to the
constraints imposed by the use of small animals.
Our studies were done in dogs to obtain concurrent
assessment of whole kidney hemodynamics, gb-
merular hemodynamics, and ultrastructure. Addi-
tionally, each kidney served as its own control in
the determination of changes in RBF and RBF
distribution.
During the postischemic phase, RBF was well
maintained at a time when GFR was severely
depressed, as has been shown in studies of nephro-
toxic [41 and ischemic [19—211 acute renal failure.
Immediately after release of the clamp, RBF rose to
values 164% of control, but returned toward the
control value, and at 18 to 24 hours was unchanged
from control. Immediate restitution of blood flow
following release of the clamp is not compatible
with the concept of "no reflow" [35, 361, but
indicates vasodilation of the renal vasculature in-
stead. By 18 hours, however, signs of hyperemia
were no longer present, and RBF had returned to
values within the control range. We emphasize,
however that this does not indicate that the renal
vasculature was completely intact in the postische-
mic period. In most experiments, renal autoregula-
tory capability was impaired and blood flow de-
creased with decreases in blood pressure. Thus,
only a residual capability to vasodilate was main-
tained, suggesting that a greater fraction of the total
renal vascular resistance was fixed. This would
suggest that the renal circulation was compromised
in that the autoregulatory reserve was utilized to
maintain RBF within the normal range. This specif-
ic issue has been discussed in greater detail in a
recent study by Adams et al [37].
Urine to plasma inulin ratio and osmolality were
not as low as that usually seen in clinical acute renal
failure and may have been a consequence of the
moderate degree of ischemia. Additionally, the ani-
mals were not uremic, as the contralateral kidney
was functioning normally. Nevertheless, the dogs
with severe depression in inulin clearance had re-
duced concentrating and reabsorptive capability.
The reduction in inulin clearance at a time when
total RBF is maintained might be explicable on the
basis of arteriovenous shunting with decreased gb-
merular perfusion, passive backleak, or a reduction
in the gbomerular capillary hydraulic permeability
and/or surface area. Significant aglomerular shunt-
ing appears to be unlikely morphologically [38, 391
and on the basis of previous microsphere studies
[81. Although the question of passive backleak was
not studied directly in these experiments, the direct
relationship between SNGFR and inulin clearance
suggests that if passive backleak occurred, it was
not of major significance. Additionally, in more
direct studies in the rat, Olbrieht et al [18], have
shown backleak to contribute minimally to the
reduction in GFR in the early phase of ischemic
acute renal failure.
Blood flow distribution to the outer cortex (zone
1) decreased slightly, but significantly, with recipro-
cal increases in zones 3 and 4. The pattern of
change was similar to that described in other mod-
els of acute renal failure [8, 111. Micropuncture
studies in a separate group of animals in which
.
.
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Fig. 6. A Scanning electron micrograph of the visceral epithelium from a control kidney. These cells are characterized by three orders of
branches that eventually terminate as foot processes (arrows). The foot processes are slender projections that interdigitate with each
other(X 12,000). B Scanning electron micrograph oft/ic viscerial epithelium from an ischemic kidney. The most obvious change noted is
fusion of the slender foot processes (arrow). Some loops appear to be more extensively damaged than others (x 12,000). C The luminal
surface of an endothelial ce/I from a control kidney. This cell type possesses numerous large fenestrae (arrow) with a diameter of
approximately 780A. Several cytoplasmic ridges are noted (double arrow). D Glomerular endothelium from an ischemic kidney. The
fenestrae of the endothelium are both reduced in size (arrow) and number. Their diameters are approximately 400A.
microspheres were not injected demonstrated that
glomerular blood flow in superficial nephrons was
generally not reduced greatly and that glomerular
pressures were consistently within the normal range
of 45 to 65 mm Hg. The estimated Kf was reduced in
all animals and correlated with the depression in
whole kidney C1. These findings are most compati-
ble with the concept of a primary reduction in the
glomerular ultrafiltration coefficient due, at least in
part, to a decrease in hydraulic permeability or
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surface area of the glomerular capillaries. Further-
more, the potential impact of heterogeneity of neph-
ron function occurring in the postischemic kidney
might be expected to result in an overestimate of Kf
because those nephrons most severely damaged
would have the greatest likelihood of being ex-
cluded from the measurements. The finding of a
reduced filtration coefficient occurring in this model
is supported further by the alterations in the ultra-
structure of the glomerular capillary wall as evaluat-
ed by SEM. Interestingly there was a marked
reduction in the density and the overall size of the
endothelial fenestrations in the ischemic kidneys.
These types of changes are similar to those pre-
viously observed in uranyl-nitrate-induced acute
renal failure [32] and in aminoglycoside-induced
nephrosis in rats [40]. Thus, these morphologic
observations suggest that the ischemic insult result-
ed in a net reduction in the collective cross-section-
al area available for movement of filtrate across the
glomerular capillary wall.
A protocol similar to our own was used by Best et
al [331 with the exception that ischemia was of 2
hour's duration. They found a small (30%) reduc-
tion in RBF at 3 hours and noted that fine detail
angiography demonstrated an entirely normal vas-
cular tree and glomerular tuft perfuson. Cox et al [8]
produced unilateral acute renal failure by infusing
norepinephrine into the renal artery. Blood flow
was actually increased in these studies following
saline expansion, and there was marked redistribu-
tion to inner cortical nephrons. Separate micro-
puncture studies in 3 animals demonstrated absence
of glomerular filtration before and after saline ex-
pansion. A primary alteration in the filtration coeffi-
cient (Kf) was hypothesized on the basis of scanning
electron microscopal changes of the epithelial cell
structures. In our studies, the coincident changes in
SNGFR and C1 were striking and most readily
explained on the basis of a direct reduction in actual
GFR in relation to the severity of the injury. These
findings are in accord with the previous suggestion
of a primary reduction in Kf [4, 8—10].
Several recent studies using the rat as the experi-
mental model of ischemic nephropathy have sug-
gested that tubular obstruction is the primary event
responsible for the decrease in C1. Proximal tubule
pressure was markedly increased in the studies of
both Tanner, Shank, and Sophanson [5], and
Arendshorst, Finn, and Gottschalk [2] and, further,
the ratio of intratubular pressure to peritubular
capillary pressure was increased, suggesting that
interstitial edema was an unlikely cause of obstruc-
tion. In our studies, proximal tubule pressure was
normal or slightly depressed. Thus, these studies do
not support a major role for obstruction in mediat-
ing the reduced SNGFR. The discrepancy between
the dog and some rat models is difficult to reconcile,
but species variation as pertains to their susceptibil-
ity to various noxae may be particularly important
in this regard. It is equally plausible that the smaller
tubules in the rat kidney are more likely to become
obstructed with cellular debris. Certainly, the mod-
els appear to be different, as RBF is well preserved
in most studies of ischemic acute renal failure in the
dog whereas, in the rat studies, RBF is decreased
markedly. Of note, however, is that renal blood
flow returned to control levels following saline
expansion in the studies of Arendshorst [2].
Mason et al [27] and Thurau and Boylan have
suggested that the decrease in filtration occurring in
various forms of acute renal failure may be a
protective mechanism serving to prevent excessive
loss of fluids and electrolytes in the urine due to
impaired transport capabilities of tubular epitheli-
um. Specifically, it has been suggested that an
alteration in the distal tubule feedback mechanism
operating from the macula densa mediates changes
in the renin-angiotensin system that may contribute
to vascular constriction and reduced GFR [29, 41,
42]. Tubuloglomerular feedback activity is thought
to be high in acute renal failure. Because distal
microperfusion with furosemide-containing solu-
tions can markedly decrease feedback activity [28,
29], this hypothesis would predict that such micro-
perfusion during acute renal failure should restore
SNGFR toward normal. This rationale prompted
the microperfusion studies in experiments where
tubular fluid flow was markedly reduced. But mi-
croperfusion into late proximal tubules with solu-
tions containing 3 x l0 M furosemide failed to
increase SNGFR. These findings fail to support the
hypothesis that a high level of distal tubule glomeru-
lar feedback activity contributes to a reduced
SNGFR in this model of acute renal failure. Yet, it
is possible that, if a feedback signal was occurring,
it did not respond to an agent known to inhibit
feedback activity, that the inhibitor leaked out of
the tubule in transit through the pars recta and ioop
of Henle, or that microperfusion for 5 to 12 mm was
insufficient time to inhibit the feedback response.
An alternate possible means of involvement of
the distal tubule glomerular feedback mechanism in
the observed responses is suggested by the finding
of an attenuated autoregulatory capability. Perhaps
an initial disturbance responsible for reduced GFR
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and flow rate to the distal nephron might elicit
vasodilatory, rather than vasoconstrictor, signals to
the vascular elements. Such an event would con-
tribute to the initial hyperemia. In the maintenance
phase, the RBF values similar to control could be a
consequence of offsetting effects of feedback-medi-
ated vasodilation and increased passive vascular
resistance due to cellular swelling and endothelial
damage. If such a condition exists, the feedback
mechanism would presumably already be at its
lowest level of activity and would not be expected
to respond to microperfusion with inhibitors. Fur-
thermore, to the extent that the feedback mecha-
nism mediates renal autoregulation [24, 261 it would
be expected that autoregulatory efficiency would be
reduced, a finding observed in the present study.
Conclusion. A broad spectrum of acute renal
failure was produced in our studies with some
animals having near normal GFR and SNGFR and
others having severely depressed GFR and
SNGFR. The very clear correlation between super-
ficial and whole kidney GFR and the direct determi-
nation of a corresponding decrease in Kf suggest
that a primary reduction in filtration is one major
abnormality during the maintenance phase of ische-
mic acute renal failure in the dog.
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